■ INTRODUCTION
Fullerenes and their derivatives have become an important class of n-type semiconducting material since their discovery and large scale production. Their unique optical and electronic properties, including their desirable electron affinity and mobility, suitable energetic bandgap, ease of processing, and good compatibility with other semiconducting materials, have enabled them to be an attractive candidate for a broad range of applications, 1−7 in particular their almost ubiquitous use in solution processed organic photovoltaic cells (OPV). 8−10 OPV is attracting great interest for low cost photovoltaic solar cells, with power conversion efficiencies now >11%, exceeding the threshold of commercial viability for some applications. 11−14 However, their relatively poor device lifetimes, particularly under typical operating conditions (light, heat, oxygen, and humidity), have limited their potential commercialization. 15−18 Recently, device degradation due to exposure to light and oxygen has become a widely recognized challenge within the community, as low cost, flexible OPV products typically employ plastic based encapsulation which offer only partial barriers to oxygen ingress. While significant research efforts have been dedicated to understanding and addressing the challenge of photochemical degradation of OPV, most of these research efforts have either been focused on donor polymers and/or device electrodes and interlayers. 19 −27 On the other hand, the photochemical stability of fullerenes and their derivatives, such as phenyl-C61-butyric acid methyl ester (PC 61 BM), one of the most commonly used electron accepting materials for OPV, has to date received considerably less investigation.
It has previously been shown that both C60 and PC 61 BM are susceptible to photodegradation upon extended light and oxygen exposure. 28−32 However, the mechanism of this degradation and its relevance to OPV device operating conditions have not been fully established. Most previous studies have used extreme light exposure or environmental conditions not relevant to device operation. Regarding the mechanism, it is not known whether the degradation is due to oxygen doping or a chemical oxidation. 18 It has also been demonstrated that a very low level of chemically induced oxidation to a customized fullerene derivative can significantly reduce the device efficiency of OPV 33 and that electron transfer from fullerene to oxygen, resulting in superoxide formation, can have a significant impact on the photochemical stability of donor polymers. 19 Moreover, as several air-stable polymers have been developed for OPV, 24, 27 it is becoming even more important to study the photostability of fullerenes. These studies thus suggest that, as one of the most commonly used acceptor materials, elucidation of the photochemical stability of fullerenes and their derivatives is a key challenge for optimization of OPV stability.
For OPV, the fullerene is normally mixed with donor polymers to form an optimized blend morphology, typically on the nanoscale, further tunable by solution and film processing techniques such as thermal/vapor annealing and addition of solvent additives. 34−36 Furthermore, numerous studies have reported the strong links between the efficient operation of OPV and the presence of both intimately mixed polymer: fullerene domains and relatively pure, aggregated fullerene domains. 37−39 Several reports have also highlighted large differences between the photophysics of dispersed and aggregated (more crystalline) PC 61 BM, with the latter exhibiting enhanced visible light absorption and the absence of long-lived triplet states. Most OPV employing PC 61 BM as an acceptor will include both molecularly dispersed and aggregated PC 61 BM's; however, to date there have been no studies addressing the impact of this aggregation upon its susceptibility to photodegradation.
Here we present a detailed study of the photodegradation, under light and oxygen exposure, of neat, aggregated films of PC 61 BM and films where PC 61 BM is dispersed in a polystyrene (PS) matrix. PS has previously been shown to be an effective matrix to disperse PC 61 BM. 40−42 It has also been used as an additive to improve the performance of organic small molecule: fullerene OPV, 43 and blended with PC 61 BM to form the electron transport layer in "OPV type" perovskite solar cells with improved homogeneity and suppressed electron recombination. 44 Our results show that PC 61 BM can be easily photooxidized and that this photodegradation is increased when blended with PS, suggesting that less aggregated PC 61 BM is easier to photo-oxidize. Our results provide in-depth knowledge on this photodegradation which has important implications for the stability of fullerene based OPV, as well as perovskite solar cells employing PC 61 BM electron collection layers.
■ METHODS
Materials. PC 61 BM was ordered from Solenne BV and used without further purification. The PS had a molecular weight of 210 kg/ mol and polydispersity ∼2.0 and was ordered from Scientific Polymer Products, Inc.
Film Preparation. PS was dissolved in chlorobenzene (CB) at 8 mg/mL and mixed with the relevant amount of PC 61 BM powder to form the different wt % blend solutions (the concentration of the PC 61 BM in the solution was kept below 24 mg/mL). For neat films, the PC 61 BM powders were dissolved in chloroform (CF) at 24 mg/ mL [and for attenuated total reflectance-Fourier transform infrared measurements (ATR-FTIR): it was 27 mg/mL] as the neat PC 61 BM solutions yielded better film homogeneity with CF rather than CB. The solutions were then spin-coated onto the substrates to form ∼100 nm thick films. Quartz (UV−vis absorbance), aluminum (ATR-FTIR), indium tin oxide (ITO; X-ray photoelectron spectroscopy (XPS)), and glass (photoluminescence (PL) and transient absorption spectroscopy (TAS)) substrates were used. All of the substrates were cleaned by sonicating in acetone and then isopropanol, followed by air plasma treatment.
Devices Preparation. Electron-only devices were fabricated with a structure of ITO/aluminum (Al)/PC 61 BM/calcium (Ca)/Al. 50 nm Al was thermally evaporated onto cleaned ITO glass substrates at 2 × 10 −5 mbar. CB was first spin-coated on the ITO/Al substrates followed by the PC 61 BM solution, with concentration of 50 mg/mL in CB, forming a PC 61 BM layer with thickness ∼170 nm. The films were then photoaged. Finally, 30 nm Ca and 100 nm Al were sequentially thermally evaporated onto the PC 61 BM layers to complete the devices with an active area of 0.15 cm 2 . All of the devices were encapsulated with glass slides and epoxy. Electroluminescence (EL) devices were fabricated by spin coating PC 61 BM solution (24 mg/mL in CF) onto PEDOT:PSS coated ITO substrates (thickness of PC 61 BM film ∼100 nm), followed by the same thermal evaporation of the top electrode and encapsulation, prior to measurement.
Photoaging. Photoaging of the films/devices was performed under ∼0.9−1 Sun AM1.5G in ambient conditions and temperature using a solar simulator, with no filters, for the aging time specified in the text.
Characterization. The UV−vis absorbance was calculated from the transmission and diffuse reflectance measurements performed on a UV-2600 Shimadzu UV−vis spectrophotometer with integrating sphere attachment.
ATR-FTIR spectra were acquired on a FTIR spectrometer (PerkinElmer Frontier) with a germanium ATR top plate with crystal diameter 1.3 mm. The spectra were processed from raw data that consisted of 4 scans and 1 cm −1 resolution. The spectra were baseline corrected in the Spectrum 10 software. Three spectra were taken and averaged for each sample region. The FTIR absorbance of the CO stretch of the side chain of PC 61 BM was used to normalize the data, as it is not that sensitive to the photoaging. XPS spectra were obtained using a Kratos Axis Supra (Kratos Analytical, Manchester, U.K.) using a monochromated Al Kα source. All spectra were recorded using a charge neutralizer to limit differential charging. As no adventitious carbon peak is present in the bulk, the main carbon peak is charge referenced to 284.5 eV. 45, 46 Depth profiles were generated by rastering a 2.5 kV Ar 500 + beam over a 2 × 2 mm area. The etching conditions were carefully tuned, so that the chemistry of the films was not significantly altered by the etching. During depth profiles, a 110 μm aperture was used to limit any influence of crater edges. Wide scans were recorded with a pass energy of 160 eV and dwell time of 198 ms and high resolution data at a pass energy of 40 eV. The data was fitted using CASA XPS with Shirley backgrounds. Film thicknesses, and hence etch rates, were confirmed after each etch by measurement with a Dektak 150 stylus profilometer.
For TAS measurements, the spectrum and decays of the photoinduced species of the films were measured using microsecond transient absorption spectroscopy. The films were selectively pumped using a Nd:Yag laser (Oppolette) at 355 nm, with an intensity of 7 μJ.cm −2 and a repetition rate of 20 Hz. The transient data were probed at 700 nm. The measurements were performed under both nitrogen (N 2 ) and oxygen (O 2 ) environments. For more details on the TAS setup, refer to ref 47. Electron-only devices: Current−voltage characterizations were performed by a Keithley 2400 source meter. Electrons were injected from the Ca/Al electrodes.
PL and EL spectra were measured using a spectrograph (Andor Shamrock 303) combined with an InGaAs photodiode array (Andor iDUS 491) cooled to −90°C, calibrated with a Bentham CL2 quartz halogen lamp with known emission spectrum. EL spectra were collected at an injection current density of 200 mA/cm 2 . PL spectra were collected using a 473 nm continuous wave laser as the excitation source, with optical power density of 20−65 mW/cm 2 . Data for both fresh and photoaged PC 61 BM devices were collected on three different pixels (or areas) on two separate devices.
Modeling. Electronic structure calculations of the epoxides of PC 61 BM were carried out using density functional theory. First, all possible single epoxides (one epoxide defect on one of the 6−6 carbon bonds of PC 61 BM) were calculated and then a number of double epoxides, as well as the diols and carbonyl defects, which may be expected to develop from epoxide following the mechanism published by Xiao et al. 48 In each case, the total energy of the optimized defected structures was calculated to find the lowest energy structures. All calculations were done at the B3LYP level of theory using the 6-31g* basis set. For the optical spectra calculations, the lowest energy structures for each defect were chosen. Time-dependent density functional theory (TD-DFT) calculations were performed on the structures with Gaussian 09 in order to extract the oscillator strength and transition energy of the first 100 transitions. These were used to obtain an emission spectrum using
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where N is the number of transitions, σ is a width defined by the energy, and f i and E i are the oscillator strength and the energy of the ith excitation, respectively. D is a line shape function defined by
■ RESULTS AND DISCUSSION Spectroscopic Studies of Photo-oxidation. First, UV− vis absorbance measurements were taken as photobleaching is routinely used to probe the degradation of conjugated polymers. 23, 24 Figure 1a shows the normalized UV−vis absorbance spectra of unaged neat PC 61 BM and PC 61 BM:PS films. As the wt % PC 61 BM is reduced, the absorbance from 350−750 nm reduces relative to that of the 336 nm peak. As reported previously, this result is consistent with PC 61 BM molecules being less aggregated in the lower wt % blend films. 49, 50 The PS film has a negligible absorbance over this spectral range. Panels b and c of Figure 1 compare the photobleaching of a neat PC 61 BM film and a 50 wt % PC 61 BM film as a function of photoaging time in ambient air under AM1.5 irradiation over 1950 min (32.5h ). It can be clearly observed that, while there is only minimal photobleaching of the neat PC 61 BM film, the 50 wt % PC 61 BM film was significantly photobleached, indicating the less aggregated PC 61 BM film is more susceptible to photobleaching.
Next, the chemical nature of this photodegradation was investigated using ATR-FTIR spectroscopy. Panels a and b of Figure 2 compare the normalized ATR-FTIR absorbance spectra of a neat PC 61 BM film and 50 wt % PC 61 BM film, respectively, as a function of photoaging time, probing in the region of the prominent PC 61 BM 1737 cm −1 absorption peak, assigned to the CO stretch of the ester functional group of the PC 61 BM side chain. 29 We observed that the magnitude of a new peak at 1782 cm −1 increases (relative to the 1737 cm −1 ) with increased photoaging time (observable from ∼100 min) for the neat PC 61 BM film. The peak at 1782 cm −1 has been assigned previously to the formation of carbonyls (the stretching mode of CO)), likely associated with oxidation at the PC 61 BM cage. 28, 51 Interestingly, the relative magnitude of this peak is significantly higher for the 50 wt % PC 61 BM film with the same photoaging time (0.80 vs 0.22 when they were photoaged for 1950 min). These results are consistent with the less aggregated PC 61 BM film being significantly easier to photooxidize, which matches with its higher tendency to photobleach. FTIR signals measured from neat and photoaged PS films were negligible (SI, Figure S1 ).
Further chemical analysis of this PC 61 BM photo-oxidation was undertaken using XPS, a surface sensitive technique. Figure  3a compares the XPS oxygen 1s envelope (O(1s)) of a neat PC 61 BM film and a 40 wt % PC 61 BM film, before and after 920 min of photoaging. It shows that the amount of measured oxygen increases after the photoaging, with significantly more oxygen observed for the photoaged 40 wt % PC 61 BM film than the neat film. (No O(1s) signal was observed from neat, fresh, or photoaged PS film.) Panels b and c of Figure 3 show the XPS spectra for the carbon 1s envelope (C(1s)) of neat PC 61 BM and 40 wt % PC 61 BM films, both photoaged for 920 min. The C(1s) envelope can be fitted with a number of peaks for different carbon environments (SI , Table S1 ). For the photoaged neat PC 61 BM film, there is a minor increase in the magnitude of the peaks at 286.1 and 288.3 eV; the increase in both peaks is much larger for the photoaged 40 wt % PC 61 BM film (the XPS spectrum for pristine films can be found in SI, Figure S2 ). The broadened peak at 286.1 eV is consistent with oxidized species such as C−O−C (epoxide), C−O−H, or C− O, while and the peak at 288.3 eV is consistent with carbonyls such as CO or O−CO (including an expected contribution from the PC 61 BM ester side chain). 52, 53 It has been suggested that PC 61 BM can be photo-oxidized to form epoxides, then diols, and then carbonyls under sufficient photoaging (see SI, Figure S3 ). 48 These data support this mechanism, and it is therefore likely that in addition to the carbonyl defects visible in the FTIR spectra there is a 
Research Article substantial and probably larger population of epoxide defects. The C(1s) results show that the oxygens were chemically bound to the carbon atoms, and the level of photo-oxidation is much more significant for the less aggregated 40 wt % PC 61 BM film, consistent with the UV−vis and FTIR photoaging data (Figures 1 and 2, respectively) .
XPS is capable of etching through films, with an argon gas cluster ion source gun, and quantifying the chemical composition with each etch, building up a depth profile. Figure  3d shows the atomic percentage of oxygen as a function of depth into the PC 61 BM and 40 wt % PC 61 BM films, before and after 920 min of photoaging, respectively. A 2.7% oxygen contribution would be expected from the ester group in neat PC 61 BM films. The lower oxygen percentage in the nonaged blend film is consistent with dilution of PC 61 BM by PS, which contains no oxygen. Interestingly, the photo-oxidation on the surface of the neat PC 61 BM film (oxygen atomic concentration ∼15.2%) is much higher than in the bulk (∼4.2%), while significant photo-oxidation occurs deep into the bulk for the 40 wt % PC 61 BM film (∼17.9−20.3%).
Investigation into the Photo-oxidation Mechanism. In order to gain insight on the mechanism of the photo-oxidation, microsecond TAS measurements were performed on the PC 61 BM and PS:PC 61 BM films under nitrogen and oxygen. The films were selectively excited in the PC 61 BM absorption region (355 nm) and probed at its triplet T 1 −T n absorption region (700 nm). 54 The decays were analyzed using a biexponential function and lifetimes calculated from the decay half-lives. On this time scale, singlet states have undergone intersystem crossing to triplet states as shown in the SI, Figure  S4 , and by Chow et al. 55 In addition, the decays measured under oxygen are quenched when compared to those under nitrogen ( Figure 4a and Table 1 ), consistent with previous observations that triplet states are quenched by triplet ground state oxygen. 22 In a nitrogen atmosphere, the amplitude of photoinduced PC 61 BM T 1 −T n absorption at ∼0.6 μs (the instrument response time) was observed to increase with decreasing PC 61 BM content, with no signal apparent for the neat PC 61 BM film which was also unobservable by Chow et al. 55 (Figure S4 ) In all cases where T 1 −T n absorption was observed, its decay kinetics were accelerated in the presence of oxygen. Figure 4b and Table 1 show the relative fraction of excited states that were oxygen quenched (Φ Q ) as a function of wt % PC 61 BM (assuming only triplet states are quenched). Φ Q is calculated by
where Y N2 is the relative triplet yield in a nitrogen environment (determined from the T 1 −T n absorption amplitude at 700 nm at ∼0.6 s and corrected for the relative fraction of light absorbed by the individual films at the excitation wavelength) and Φ O2 is the efficiency of oxygen quenching given by
where τ O 2 and τ N 2 are the lifetimes of the triplets under nitrogen and oxygen environments, respectively. Lifetimes were calculated from the half-lives of fitted decays.
As the wt % PC 61 BM is reduced, the yield of triplets quenched by oxygen Φ O 2 increases. Since the triplet yield at low wt % PC 61 BM is significantly enhanced, while the Φ O 2 are comparable (see Table 1 ), the increase of relative fraction of excited states being oxygen quenched can be attributed primarily to the significantly enhanced triplet yield at low wt %. Besides, the triplet lifetimes remain comparable for all of the wt % (see Table 1 ), which further suggests that the relative fraction of excited states quenched by oxygen depends on the triplet yield. Note that the rate constant of oxygen quenching of the triplets (k O 2 ) where remains comparable for all of the wt % (see Table 1 ), implying the oxygen diffusion rates are similar for the different compositions. Figure 4b shows a clear correlation between the relative fraction of excited states being oxygen quenched and the level of photo-oxidation of the PC 61 BM films as a function of PC 61 BM aggregation. It can be seen that our assays of CO formation (on the PC 61 BM cage, 970 min) and loss of UV−vis absorbance (1950 min) both correlate with our TAS assay of the relative fraction of oxygen quenched excited states. The lower wt % PC 61 BM (less aggregated) exhibits a higher fraction of excited states that were oxygen quenched, more CO formation, and a larger UV−vis absorbance loss.
Impact of Photo-oxidation on Electrical and Optical Properties of Films. The consequences of the PC 61 BM photo-oxidation on optoelectronic film properties were investigated in order to explore the relevance of PC 61 BM photo-oxidation to device function. To study the effect of the photo-oxidation on charge transport, the current density versus electric field of electron-only devices using PC 61 BM as the active layer were measured with different photoaging times (see Figure 5a ). Interestingly, even with <40 min photoaging, the current density dropped by 4−5 times. It is reasonable that a small amount of photo-oxidation (undetectable by the optical techniques) is sufficient to cause a significant effect on the electron transport, since it is well-known that a small density of charge traps can cause a significant drop in charge carrier mobility. 56 While the nature of the defects responsible for electron mobility loss cannot be determined exactly from these data, calculations of defect energies and the impact of defects of different depth on mobility (SI, Table S2 and Figure S6 ) strongly suggest that relatively shallow defects, such as epoxides, are more likely to be responsible for the mobility loss than deep carbonyl defects. The loss in mobility is consistent with the XPS data of the PC 61 BM film with 1 h photoaging which also showed significant photo-oxidation on the surface layer (oxygen concentration ∼9.6%; also see SI, Figure S5 ).
The impact of photodegradation on the optical and electronic properties of PC 61 BM was then further probed by photo-and electro-luminescence measurements and correlated with TD-DFT calculations. Figure 5b shows PL and EL spectra of PC 61 BM films and devices before and after the photoaging. Both the PL and EL shift to lower energies after photoaging, indicating the generation of intraband defect states that are radiatively coupled to ground. Interestingly, after 1 h of photoaging, the neat PC 61 BM film does not show a measurable red-shift in the PL but does have a significant red-shift in the EL spectrum (from 1.64 to 1.48 eV). It is likely that for the EL, the electrons are transported to the lowest lying defect states where the emission occurs. Therefore, the EL is dominated by the emission of the oxidative defects; hence, it has a more pronounced red-shift. On the other hand, the PL signal is from all emissive species probed, where mainly the top surface of the degraded PC 61 BM film was photo-oxidized (see XPS section). For the PC 61 BM film photoaged for 24 h, the PL does red-shift (from 1.66 to 1.55 eV) which is consistent with more photooxidized defects/traps being formed (see FTIR section).
TD-DFT calculations were performed to model the effect of the photo-oxidation on the optical properties of PC 61 BM. There was an observed red shift in the PC 61 BM PL spectra, modeled from a calculated deepening of the lowest unoccupied molecular orbital (LUMO) level, when epoxide, diol, or carbonyl defects were added (Figure 5c ). The red shifts observed in the modeled PL spectra of PC 61 BM upon addition of oxygen to form defects are consistent with formation of the a τ N2 and τ O2 are the triplet lifetimes under nitrogen and oxygen respectively,Y N2 is the relative triplet yield in a nitrogen environment, Φ O2 is the efficiency of oxygen quenching, k O2 is the rate constant of oxygen quenching, and Φ Q is the relative fraction of excited states oxygen quenched. Figure 5 . (a) Current density versus electric field of electron-only devices using PC 61 BM as the active layer with different photoaging times, (b) normalized PL and EL spectra of PC 61 BM films and devices, respectively, before and after the photoaging, and (c) calculated PL spectra (normalized) of PC 61 BM molecule with and without the oxidative defects.
Research Article electron traps. While the shape and the position of the calculated photo-oxidized peaks differ from experimentally obtained spectra due to a number of assumptions, such as neglect of the vibronic structure, the magnitude of the shift in luminescence peaks in calculated and experimental spectra can be compared. The experimental redshift of approximately 0.2 eV in the luminescence peak compares well with the shift expected due to the presence of epoxide defects and further supports the argument that these defects are likely to dominate the optoelectronic properties. The clear observation of PL and EL from defect states indicate that radiative recombination via trap states is not forbidden in the degraded PC 61 BM films or devices.
■ DISCUSSION
Herein, we have shown that PC 61 BM is significantly easier to photobleach, the more it is dispersed in polystyrene, consistent with the formation of photo-oxidized species (e.g., carbonyl species). This enhanced photo-oxidation in more dispersed PC 61 BM films correlates with a higher yield of triplet states being formed. We also show that even neat PC 61 BM films can be photo-oxidized under 1 sun, with the current density in electron-only devices dropping by ∼5 times after only 40 min photoaging. The PL (and EL) spectra of the photoaged neat PC 61 BM films (and devices) are both significantly red-shifted, consistent with defect/trap emission. Using epoxides, diols, or carbonyls as the photo-oxidative defects for modeling, we found that all of the defects cause a red-shift in the PL spectra, due to a lower LUMO energy, in agreement with the experimental data. The shift is least pronounced in the case of epoxide defects, and the relatively mild effect of oxidation on electron mobility suggests that these shallower trap states may be the most active. Although UV−vis absorbance is routinely used to probe degradation of conjugated polymers through photobleaching, 16−18 it is apparent from the electron transport data shown above that the functional electronic degradation of PC 61 BM films occurs even without observable change in absorbance. It is likely that epoxide/diol defects were formed prior to the formation of carbonyls; 57 therefore, the PC 61 BM and blend films may have already photo-oxidized before carbonyl formation was observed at ∼100 min by FTIR. This is supported by the significant drop in electron transport of the PC 61 BM electron-only devices, even after 40 min photoaging, and the significant surface oxidation observed via increased signal at the higher binding energies in the XPS C(1s) envelopes of neat PC 61 BM films after 1 h photoaging. (SI, Figure S5 ) Alternatively, it could also be possible that carbonyl defects were formed <100 min but the FTIR measurements were not sensitive enough to detect these. It should be noted that even the 90 wt % PC 61 BM film shows considerably more photo-oxidation than that of the 100 wt % PC 61 BM film (see Figure 4b ), implying that the addition of a small wt % of PS can have a considerable effect on the photo-oxidation of PC 61 BM films. The drop in electron transport after 40 min shows that a small amount of electron traps can cause a significant drop in electrical transport, and importantly, for the first time, we show that neat PC 61 BM films can be degraded very easily under 1 sun conditions, unlike previous studies which use harsh conditions that may not be directly relevant to the illumination conditions for solar cells. 28−30 TAS has been applied to study the photo-oxidation of conjugated polymers, and it has been suggested that photo-oxidation of some donor polymers is triplet-mediated, 23 with polymer triplet lifetimes increasing with lower polymer crystallinity. 24 Here, a strong correlation was found between the yield of triplets being oxygen quenched and the level of photo-oxidation of the PC 61 BM films as a function of PC 61 BM aggregation. This is consistent with triplet-mediated photooxidation, similar to that suggested as the cause of photodegradation in some donor polymers. 23 This suggests that the degradation mechanism at play is singlet oxygen generation via the triplet excitons ( Figure 6 ), whereby PC 61 BM triplets are formed via intersystem crossing (ISC) from the PC 61 BM singlet state after the absorption of photons. These triplet states can be quenched by molecular oxygen, via energy transfer, to generate highly reactive singlet oxygen, which causes the photooxidation of the PC 61 BM. The top surface of the neat PC 61 BM film could be less aggregated than the bulk as it is exposed to air on one side and so has fewer neighboring molecules for aggregation. Therefore, it is easier to form triplets which lead to the photo-oxidation, which could explain the photo-oxidation observed on the surface of the neat PC 61 BM film (Figure 3d ). TAS may not be sensitive enough to probe this small amount of triplets at the surface, consistent with negligible triplet absorption of the neat PC 61 BM film.
We also calculate the C−O:CO ratio as estimated from the C(1s) envelope and total measured oxygen as a function of etch depth for the degraded blend film (see the SI, Figure.S7 ). The C−O:CO ratio is quite constant up to 60 nm below the surface. At a depth of >60 nm, the C−O:CO increases slightly together with less oxidation, which is consistent with epoxide formation first. It is reasonable to have less photooxidation at the deeper part of the film, as oxygen will be relatively more difficult to get to the regions. As the difference in the C−O:CO is small, the photo-oxidation should not be dominated by the penetration of oxygen. This result also implies that the significant difference in photo-oxidation between the films should also not be related to the penetration of oxygen (consistent with their similar rate constants of oxygen quenching) but on the difference in the yield of triplets being oxygen quenched.
In donor/acceptor blends, the oxygen quenching of polymer triplets generated by the nongeminate recombination of dissociated polarons was shown to be the dominant pathway to photo-oxidation, but there is also an additional contribution from those triplets directly generated from singlet excitons by intersystem crossing. 23 However, the PC 61 BM triplet states were not taken into consideration for these systems. Research efforts to increase polymer stability have been making progress; thieno[3,2-b]thiophene−diketopyrrolopyrrole (DPP-TT-T) for example was shown to be very stable under white LED light irradiation (∼80 mW cm −2 ) under a pure oxygen environment for over 250 h. 24 As polymer stability increases, the Figure 6 . Model used to describe the possible degradation mechanism of PC 61 BM via triplet-mediated singlet oxygen generation.
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In OPV devices, it has been reported that the active layer is composed of a finely intermixed polymer/fullerene phase where the fullerene is dispersed as well as relatively pure aggregated PC 61 BM domains. 38 The yield of PC 61 BM triplet states is likely to show a complex dependence on this nanomorphology, as well as on blend energetics. It is for example uncertain whether charge recombination in blends can yield PC 61 BM triplets in addition to polymer triplets. 23, 58 The triplet energies of polymers and fullerenes are typically 0.9−1.2 and ∼1.5 eV, respectively; 55 therefore, energetically polymer triplets are more favorable to form. However, fullerene triplets have been observed in the blend with photoactive polymers. 59, 60 It should also be noted that the permeability to molecular oxygen of the polystyrene matrix used in our samples is likely to differ from that of typical conjugated polymers. This may affect the rate of degradation in donor:PC 61 BM blends relative to our model system. Nevertheless, our observations herein are that (a) PC 61 BM triplet formation can lead to the generation of oxidizing species in the presence of oxygen (most likely singlet oxygen) and (b) PC 61 BM is susceptible to photo-oxidation by these oxidizing oxygen species which have important implications concerning the challenge of developing OPV devices with improved environmental stability.
■ CONCLUSIONS
These studies give an in-depth understanding of the photooxidation of PC 61 BM. As fullerene and fullerene:polymer films are commonly used for a broad range of optoelectronic devices (e.g., solar cells), our findings provide important insight into fullerene-based optoelectronics, highlighting that the photodegradation of fullerene can be crucial to their stability.
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